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Abstract

Liquid electrolytes with high ionic conductivity, high transference number fotaiget ions,

and excellent electrochemical, chemical, and thermal stabilé essential for electrochemical
energy storage devices. Watersalt (WIS) electrolytes, in which the salater ratio is larger

than one, are gaining intensive attention indglexztrochemical community. Here, we review the
recent work on WIS and the closeblated watein-ionic liquids electrolytes. We highlight the

fact that many properties of these electrolytes, in bulk and at electebdygtieode interfaces, are
underpined by the physics and chemistry of the interfaces formed between water and ions (or
aggregated water/ion clusters). Manipulating these interfaces by tailoring the selection of ions
and watefion ratio opens up new dimensions in the optimization of ligledtelytes but also
poses new challenges. We conclude the review by highlighting several directions for research on
WIS electrolytes, in particular, the study of WIS electrobfiectrode interfaces using surface
force measurements.
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Introduction

Driven by diverseneedsincluding electrification of transp@tionand the griescaledeployment

of electricity generation from intermittent renewable sources, the development of
electrochemical energy storafeES) systems has been at the forefroneaérgy technologies

for decades. Muchdvance haibeen madéhus far e.g., the development of-ion batteries has
been recognized by the 2019 Nobel Prize in Chemistry. NeverthdmsdppingEES systems
with high energy density, high power denshigh level ofsafety, and low cost remainggeand
challengé* A crucial componenin these devices is the electrolyte, which completes
electrical circuit by conducting ions but not electrddfien times, the electrolyte performance is
the limiting factor governing the performanceEES systems™ In most existing EES systems,
liquid electrolytes are adopted because $iolid electrolytes cannot yet compete with liquid
electrolytes in terms of the overalectrochemical, mechanical, and thermal performance and
cost Hence,explomation and optimization ofiquid electrolyteshave becomea very active area

in the EESfield.®

The development of liquid electrolytes has traditionally focused on salt solutions with moderate
ion concentratioras the ionic conductivityypically decrease as electrolytes become highly
conentrated However, several waves of departure from this paradigm have ainargecent
years. The earlgneis perhaps due to thesurgaceof roomtemperature ionic liquids (ILs) as
an electrolyte. The more recemne is related to the emergence of supencentrated
electrolytes These electrolyté$!® include examplesuch aswaterin-salt (WIS) solution¥14
andsolvate ionic liquid$5® Theycan be loosely termed &iss o l-in-2 @ It t Oele¢tr8lyiteS )
as thesolventto-ion ratio is very small. Research on bothLs and SIS electrolyteshas
experienced explosive growth in recent yeargl many reviews have been developed to them.
71721 |n this brief review, weshall focus on SlSelectrolytesin which water is the solvemtot
only because these electrolytes exhiiime ofthe most spectaculgrerformancebut also

because the insights on these electrolytes will likely be relevant to other SIS eleca®hels

The t eWatarinesdld efectrolyte was probably coindy Suoet all® They reported that a
21 m (molkg) lithium bis(trifluromethylsulfonyl)imide (LiTFSI)) solution has an
electrochemical window of 3 V, which is far higher than that of conventional aqueous
electrolytes (~ 1 V)When usedwith the conventionaliMn 204/MoeSg electrochemical couple,
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the resultingLi-ion batteryachieve an open circuit voltage of 2.3, ¥n energy densityf 84
Wh/kg, and anearly 100%Coulombicefficiencyin the first 1000 cycles® This work ushered
intensive research on WISor examplet h e efmsaatl t 0 ¢ deanceztgnddtomarsy
othercations such as N&*, and Zi*ions,anddifferent anions, as well as mixtgref different
salts (e.g.LiTFSI combined with LOTF).1+2#25

In theaboveWIS electrolyteswhich are intended for usage intatteries salts are composed of
Li* ions and organic aniona (e.g.,TFSN or inorganic anios (e.g.,NO3).26 WIS with these
typesofsaltsaca be consi der ed .drkesetsdlts, hofveveraaredat thel anly WIS
choices. In factpther salts with low melting pointg.g.,ILs) canalsobe used. Ifact, the work

on waterin-ionic-liquids electrolytes ha a longer history than that on tlstandard WIS.
Research on watén-ionic-liquids was initially driven by the need to understand the
consequences of the contamination of ILs, which are higydyoscopicz’?® by water even for
hydrophobic ILs Later, studieswere driven by the recognition thatater can beausedas an
additive to manipulatethe properties of ILsbut it can also potentially compromise the
electrochemical window of ILs. The$evestigationesave led to a growing body of knowledge
that benefits the development of EES systems such as supercapééitors.

Below we review thevork on bothstandard WIS solutions and watarionic-liquid electrolytes
These researches can be broadly divided into ttawgeting behavior in the bulk or behavior at
electrifiedinterfaces. An emergingicturefrom these researebis that both types of behaviors
are intimately tied to the physics and chemystof the interfaces formed between water
molecules and ions (or aggregated clustars) modification of these interfaces near electrified

surfaces.

1. Standard water-in-salt electrolytes
1.1 Behavior in bulk

Much of the current research on bulk W&fctrolytes focuses on the ion transport process in
these electrolytes and their underpinning in the molecular/mesoscale structure of the electrolytes.
2934 An emerging picture is that bulk WIS electrolytes are highly heterogeneous, with ions and

water molecules seissembled into nanoscale domaifiserearean enormous number of ion



water interfacesn theseelectrolytes and the structurand dynamics ofhese interfaces govern

the ion transport.

H,O-rich nano-domai

*i Preferred cation mo
: Fast Li*-transport

The diffusion of Li* in
“Water channel” and ‘lon network’

Figure 1. Bulk water-in-salt electrolytes are interfacerich materials. (a) A snapshot of the molecular
model of a 20 Amintérdorinéc®d WD kegion (red) and TFSanions are visible. (b) A
snapshot aliannélbe (BWaeé¢r and i on networks (red) i
dynamics simulation®.Figures are adapted from R&8and30 with the permission of ACS.

Molecular dynamics (MD) simulatigindicated that in 21 m LiTFSI WIS electrolyte, owing to
the disproportion of cation solvation, a heterogeneous liquid structure withracteristic length

of 1- 2 nm occurs, leading to the effective decoupling of cations from the traps of anions, which
provides a thredimensional (3D) Li(H20)s network Figure 1a).2° The formation of this 3D
heterogeneous domaprovidesan effective channel for the fast transport of hydratéddns

with a high transference number (0.73), which is a key to guardmedegh-rate perfomance of
lithium batteriesWith femtosecond Infrared (IR) spectroscopy and MD simulations, a somewhat
different picture was obtain€fl.It was suggested, at very high concentrations,ctiaotropic
TFSI anions forma porousion networkrather than clustersind this network ispontaneously
entwinedby nanometric water channelBigure 1b). Two types of water molecules, btiike

and interfacial water molecules, exigte bulk-like water molecules itheion transport channels
aretangledwithin ion networksand servas a medium for LCiion transporttheinterfacial water
molecues are interspersedn the porous ion networksnd serve as lubricant® Thus, acting

like condwcting wire the hydrated Li ions travel through bulklike water channelsyhile

simultaneouslyeinglubricatedby thesurface watet?

While theresults of these studies differ in the specifics of the heterogeneous structureamfdons

water, they both highlight the formation of rich interfaces betweertiseand water domains in
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WIS electrolytes andhe importance of these domains and interfaces in determining the ion
transport. One way to engineer these domains and interfaces is to tailor the type of anions in the
electrolytesUsing MD simulations, everal anios have been adopted to investigate the effects

of anions on thetructure in WIS electrolytes keeping'lds the catiod! It wasfound that the
structure ofwater depends stronglpn the type of anim Spediically, the hydrogen bond
networks among water molecules were fully broken among LiTFSI, LiFSI, and LIOTF in the
high concentration. &t NOs", however,water moleculesanstill be hydrogerbonded with eeh

other. This comparative study laid the groundwork for future studies on a comprehensive
understanding of the formation of ion/water domains in WIS electrolytes and its impact on ion

transport.
1.2 Behavior at electrified interfaces

One of the pressinguestiors for WIS electrolyts is why they can operatestably on electrodes

in far higherpotential windovws than water. It appears that the significant expansion of the
electrochemical windowe.g., from 1.23 V to ~3 V!° has both thermodynamic and kinetic
origins (Figure 2a), and both dgins aretied strongly to thestructure ofWIS electrolytesnear

the electrode$%®

From the thermodynamic perspective, Yamatiaall? discovered that the Raman speabfa
waterexhibit only a sharp peak near a very higiivenumber, in contrast to the observation of

broad band for water in dilute electrolytes. The sharp peak suggests that the conventional water
clusters in dilute electrolytes are largely eliminataed water in WIS exists in an environment

where O-H bond of water is reinforced, which lowers the reactivity of water moleciilés.

addition, it has been suggested that the electrons of the oxygen atom-ocb@dinated water
moleculeare donated to the associated’ lon, leading to a lower highest occupied molecular

orbital (HOMO) level and thumcreasinghe oxidation potential of watéf.While these studies

are largely based on analysis bulk \\i8ctrolytes, interfacial effects have also been implicated

in recent wor k. For example, the exclusion of

has been suggested to contribute to the suppressed water decomgfosition.

From the kinetic perspective, a variety of mechanisms related to the formation of dense solid
electrolyte interphase (SEI) have been suggested to explain the suppressed gas evolution on the

electrodes. The formation mieanism of SEI films and their chemical composition, as well as
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their microstructurewere meticulously examined by Sebal*® They suggested that SEI films
are contributed by the reduction of anion complefesclustery and dissolved gasesich as
CO, and Q (Figure 2b): the former offers a source for LiF and the latter prodlitgS0s and
Li2O. Furthermore the highion concentration is essentitd ensure that theeactionproducs
could deposit on anode surfaceithout dissolution so thata dense and stable SEI film
formed Other pathways for SEI formation have also been suggested. For extmapigdroxide
ions produced by water decompositican catalyze the decomposition of fluorinated organic
anions This is followed bya nucleophilic attack, resulting in the growth opassivating SEI
layer Figure 20).%° Another interesting result is the unique behavior of LIN@S electrolytes
(Figure 2d): instead of the growth of SEI interphase, the kinetic contributidhesuppression
of water decomposition was suggesteccome fromthe polymetlike chains of (Li(H20)2)n.
Fundamentally, it isthe energy barrier for water molecules to esdapm these polymelike

chains that dominates the electrochemical stability improverffents
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Figure 2. Voltage exparsion in the Water-in-Salt electrolytes.(a) Possiblehermodynamic and kinetic
factorsresponsibldor the expansion of the electrochemical windd\b) Plausible reactions of watér-
salt electrolyte at electrode surfaéegc) An illustration of the formation of the SHilm throughthe
66wat er -mead ad teido ne(d) A alepict®mob the. evolution of Li hydration shellin
diluted to supeconcentrated LiN@solution?® (e) A schematicevolution of the interfacial layernear
positive electrodein WIS electrolyte’” Panel (a) is adapted from R&R2 with the permission of Nature.
Panels (b) and (e) are reproduced from Réfand Ref.37, respectivelywith the permission of ACS.
Panel (c) is reproduced from R&6 with the permission of RSC. Panel (d) is adapted from Faafvith
the permission of Cell.

The aboveexperimental workprovidedkey clues for theyood stability of WIS electrolytes on
electrodes. Thestability of WIS electrolytes igurther understoody molecularsimulations,
which presentatomisticpictures of the processes envisioned in experimental works and details of
the interfacial structure of water and iois$® Theinterfacial structure o1 m LiTFSI and 7 m
LIOTF electrolytes in contact withcarbon electrodewasreportedby Vatamanu and Boroditt

was found that the TFS1 anions preferable tathe OTF anions are adsorbedon the positive
electrodesThis result highlights thselectivty of aniors in the double layer Meanwhile, vater

molecules are expelled from the positive electsofégure 26),%” which helpsimprove the

electrolyté exidation stability, in agreement withat found in prioexperiments?
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Figure 3. A continuum model for a water-in-salt electrolyte nearan electrode®® (a) The electrolyte is
modeled as a mixture of free water, hydrated cation, and anions. (b) Comparison of the sorption of water
within 0.5 nm from the surface of an electrode in contact with a 21m LIiTFSI WIS electrolyte predicted by
the malel and MD simulations. (¢) Comparison of the distribution of water and ions across the double
layer near in the same electrolyte near an electrotteavsurface charge density .3 C/nt. Figures

are reproduceffom Ref.39 with permission from ACS.

While molecular simulations can revesgtails of the interfaces between WIS electrolytes and
electrods, the interpretation of the underlying physics can be complicated. Theories with
explicitly defined physicgoften can b easily turned on and ®ftan be powerful tools foa
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thorough understanding of these interfaces. In this regard, an elegaet® based on the
PoissorFermi theory has been developed to predict the structure of these interfacesodéiis
leverages the understanding from MD simulations (e.g., the existence of free-lbodntded
water moleculesnd the strong correlations betweensjandtreats aVIS electrolyte as a three
component asymmetric lattice fluid consisting of anions, hydrated cations, and free water
(Figure 3d). By introducing agrand canonical chemical potential thahsiders electrgorption,
ion hydration, and iomon correlationgachieved through the BazaBtoreyKornyshev model
originally formulatedfor I1Ls*%), a model with seven parameters was constructed. Imgigrtan
these parametelg.g., ion size, effective dipole moment, ahd fraction of free/bound water)
have clear physical meaning and can mostly be extractedridependenMD simulations.The
parameterized model can predict thlectrosorption of water in the interfacial zoaed the
distribution of ions across the double layers near the electpatke well (Figure 3b and3c). In
particular, the significant depletion of water near positive electrodes, which is thouggipto
expand the electrochemical windows of WIS electrolytes, is captieceover, the model was
able tocharacterizehe specificity of water sorptioas a function othe choice of salt. For
example, the model reproduces the stronger sorption of water in ILWFSthan in LIOTF WIS
on negative electrodes. Given that these two salts are quite similar, the pedewhshe model

is impressive.

In part due to theinderstanding of the thermodynamics and kinetics behind the stability of WIS
electrolytes at electrodes, notalpleogress heibeen madeéo enhance the performance of WIS
electrolytes. For examplée LiCoQ/MoeSe couple deliveredraoutput voltageof 2.5V with an
energy density of 120 Wkg for 1000 cycleswith an extremely low capacity decay réte
Adding fluoride to the LITFSI/LIOTF/H2O WIS electrolyte has led toa 4.0 V aqueous Libn
battery with highreversibility and efficiency?

2. Water-in-ionic-liquid electrolytes

2.1Behavior in bulk

Research on watén-ionic-liquid electrolyte, which precedes that on standard WIS electrolyte,
has beerpartly driven by an idea of using water aan additive to improve their dynamic
properties (e.g., to increaghdar conductivity and lower their viscosity)Many of these

researches revealed thaetdynamic properties ofbinary IL-water mixtures deviate strongly
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from the ideal mixing results and attributdd tnonidealities t@he evolving microstructure of

lsand water in the electrol §°f*es as waterés

Small-angle neutron scattering measurems@mt [Bmim][BF4]/D-O systemrevealedinteresting
transitions ofthe microstructures in these electrolytesvaater is introduced In the IL-rich
regime, with the addition of trace water tes|lwater molecules remain isolated and intersgerse
in the catioranion polar networkand the electrolyte is quasomogeneousA microphase
transition in which nanometessized water clusterappear, occser whenthe waterlL ratio
exceed ~2:1. Uponfurther addition of waterwater molecules start to percoldke IL network
(Figure 44d). These structural evolutiorseem to be general for waierionic-liquid electrolytes

as similar trends have been reported in other std@Esesestructual evolutions areonsidered

to lead tothe nonideal decreasefdhe electrolyteviscositywith water loading. They are also in

line with the hypothesized water transport mechanisms in some water loading windows.

Specifically, pulsedfield gradietNMR and wide-angle X-ray scattering measurements
[Csmim]X/water (X = CI and I) mixtures suggesteda hopping mechanisnfor the water
diffusion: water molecules ofterfibindd to ions and hop between binding polar ionic species
rapidly during their random walkFigure 4b).*’ It is worth to note that theH-bonding between
water molecules and iordays akey role in the microstructure evolution and the transport of
waterand ion°®** The strength of Hoonds witht h e ¢ actdic protahgs enhanced athe

electronegativity of aniomcreases bus weakenedvith very high waterloading

Molecular smulationsalso provided useful insights into thecrostructure andynamic of bulk
waterin-ionic-liquids electrolytes Shaet al studied the relationship dfie ion association and
the dynamicproperties of [Bmim][lJwater mixturesin dilute to pure Ils (Figure 4c).*® By

analyzing thepotentialenerg of each species as a functiontbe IL mole fraction &), they

showed that the ion hydration greatly affects the bulk properties of these electrolytes.

Specifically, ionsare localized in multicoordinated ionficages dn pure or concentrated IL
solutiors. However, the cage structulweaks down ands replaced by iorhydrationif x
becomedower than 0.25. Such iorssociatiorhas asignificantimpact onion dynamis, e.g.the
mole conductiviy in concentrated IL electrolytessales linearly withheion associabn lifetime.
By usingMD simulatiors and theKirkwoodi Buff theory*>*! the evolution of themicrostructure

in these electrolytewasalso found tdbein line with the conclusionnferred from experiments
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that the microstructure was shown to be water comtependent® Furthermore, \ater
molecules tend to sedfssociate and form clusters in a more hydrophobic IL environment at
moderately low watecontent*®* Generally,the presence of watdrelps toenhance théon
diffusivity greatly®® Neverthelessa somewhat different behavievas reported for[Emim]*-
based ILs with three different aniotfsSpecifically, in the [Emim][OAc]/water systerfianion
wateranioro  w i farnessspontaneouslyleading to the significant anion nanostructuring.
Similar wires and anion structuring, however, do not exist in [EmifajfTand [Emim][BF]-
water mixtures, consistent with the experimentaervatiorin [Bmim][BF4]/D-0 electrolytes®

The more structured [Emim][OAC]A® mixturesthus have sloweH-bond dynamics antn
diffusion, and the ion diffusivity does not increase muidhthie water content is very high, in

sharp contrast with the situation in t#ertwo IL-watermixtures Figure 4d).

Figure 4. The microstructure and dynamic properties ofbulk water-in-ionic-liquid systems. (a) The
evolution of themicrostructures ifBmim][BF4]-D.O mixturesas a function of the mole fraction tfe
water* (b) A schematic illustration ofhe watermoleculesintercalating withinthe polar hopping site$.

(c) The mole conductivities of [Bmim]{H-O as a function of the square root thfe IL mole
concentration® (d) The seHdiffusion coefficientsof aniors in binary electrolytes of [Emim{pAc]
(black), [Emim][Tfa] (red) and [Emim][BE (green) at different watenole fraction®? Figures (a) and (c)
are adapted from Re45and Ref48, respectivelywith the permission of ACS. Figures (b) is reproduced
from Ref.47 with the permission of APS. Figure (d) is reproduced from B2fvith the permission of
RSC.
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